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Abstract
Fatigue in the very long life regime has assumed great significance in recent years particularly after it has been established that a 
fatigue limit doesn’t exist in most cases. The paper deals with investigations of gigacycle fatigue and near threshold fatigue crack
growth behaviors of AA7075-T6, AA6061-T6 and AA2024-T3 Al alloys using piezoelectric accelerated fatigue at 20KHz.
Experiments were conducted in air at room temperature on hourglass-shaped specimens under completely reversed loading
conditions (R = -1). It was noticed that failure continues to take place right up to the gigacycle (109 cycles) range, at nominal
cyclic stresses. The high cycle fatigue fractures are generally rough in appearance and seen to initiate predominantly from the
surface. Furthermore, they contain a significant number of voids, exhibit crystallographic faceting, and discernible fatigue
striations. Gigacycle fatigue fracture of AA2024-T3, however, shows features of ductile tearing instead of striations. The studies
also show that fatigue crack growth rates of small cracks are greater than those of large cracks for almost the same stress intensity
factor range K' , and that some small cracks may grow at K' values below the large crack threshold in the near-threshold crack
growth regime. 
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1. Introduction
Most engineering designs have hitherto been based on the assumption that ferrous materials exhibit a fatigue
limit and for any cyclic stress below this value, they are unaffected and endure infinite life. This was usually
believed to be in the vicinity of 106 cycles, where the S-N curve becomes nearly horizontal, primarily because time
and cost constraints had ruled out conventional fatigue testing beyond 106 - 107 cycles. Recent studies [1-7] however
point to the fact that many materials including ferrous alloys experience failure up to 109 cycles and above and that
this phenomenon of gigacycle fatigue is a result of subsurface or internal crack initiation, at the defect sites in 
materials. In other words, the concept of the so-called fatigue limit has all along been a myth and it would be wise to
conduct high cycle fatigue testing up to gigacycle regimes.
The materials used for automotive or aerospace applications are mostly subject to cyclic loading, sometimes
involving high frequency vibrations. They are also usually required to operate over long periods of life, extending
much beyond a million cycles. High strength aluminum alloys are one class of materials that are widely used in the
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automotive and aerospace industries. Although it is well known that aluminium alloys do not exhibit any kind of an 
endurance limit in the S-N curves in the vicinity of 107 cycles, only limited studies on their very long life fatigue and 
near threshold fatigue crack growth behaviour have been conducted due to the time constraints associated with 
conventional testing procedures. In addition, the fracture mechanisms of these alloys are also of interest as they are 
supposedly governed by void formation, not just under static loading [8-11] but even under fatiguing conditions [12-
15], due to the presence of numerous constituent particles of brittle phases dispersed in a ductile matrix. It therefore 
becomes all the more important to determine and understand the ultra high cycle fatigue and fracture characteristics 
of such alloys.  
The present paper deals with investigations on very long life fatigue of AA7075-T6, AA6061-T6, and AA2024-
T3, with respect to their S-N behavior and fracture characteristics. An accelerated fatigue testing procedure 
employing ultrasonic frequencies has been adopted to make the study feasible. 
2. Experimental Procedure 
2.1. Materials and Specimens 
The chemical composition and mechanical properties of the alloys are shown in Tables 1 and 2, respectively. The 
specimens designed to resonate longitudinally at 20 KHz were machined from the alloys from a 20 mm diameter bar. 
Depending on the alloy, the dimensions of the specimens were calculated using an analytical method [16]. While for 
endurance tests, hourglass- shaped round specimens were used, flat dog-bone specimens were machined for fatigue 
crack growth experiments. The detail geometry size of the specimens can be found elsewhere [17]. All the specimen 
gauge surfaces were mechanically polished with emery before testing. 
Table 1. Chemical composition (wt. %) 
Material                 Si        Cu         Fe          Mn    Mg       Cr      Zn       
6061-T6              0.10      1.47      0.25        0.03 2.56    0.20   5.46 
2024-T3              0.70      0.27      0.44        0.02    0.90    0.08   0.05 
7075-T6              0.50      4.30      0.10        0.60 1.50     ---     0.30 
Table 2. Mechanical properties 
Material            E(GPa)    U (kg/m3)     ıT(MPa)    ı0.2 (MPa)    į (%)
6061-T6               69            2800            468   310              17 
2024-T3               71            2800            610      420              10 
7075-T6               72            2800            764   691               8 
2.2. Fatigue Testing 
Fatigue testing in push-pull mode was carried out on a piezoelectric ultrasonic fatigue machine operating at 20 
KHz. The principles of ultrasonic fatigue testing and related details are available elsewhere [13]. The specimens 
were tested in air at room temperature, under zero mean stress (R=-1). The tests were conducted for different cyclic 
stresses based on the staircase method. The fatigue stress is actually derived from the displacement amplitude of the 
vibrating specimen, which is what is measured and monitored through a non-contact fiber optic sensor of ±0.05 Pm
resolution. As there was a tendency for the specimen to get heated up during the test, it was subjected to a 
compressed air blast to maintain its temperature within ambient. 
Two series of tests were conducted. The first series of tests was carried out for all the alloys under constant load 
amplitude-control to obtain cyclic stress amplitude vs. number of cycles data (S-N data). In the second series, 
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fatigue crack growth experiments were performed on AA6061 and AA7075, under variable stress intensity
amplitude, to obtain the crack growth behavior of small and large cracks in the near threshold regime. Three
specimens of each alloy viz. AA6061 and AA7075 were used to obtain the fatigue crack growth data. The crack
growth in the specimens was followed with the help of a traveling microscope, with a magnification of 200X and by
microscopic observations using plastic replicas of the specimen surface. In order to make replicas, the fatigue tests
were interrupted after a certain number of cycles. The minimum detectable crack length was within 0.05 mm. Crack 
growth rates da/dN vs. stress intensity factor (SIF) were obtained using the conventional load shedding technique.
3. Results and Discussion
3.1. Gigacycle fatigue characteristics
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Fig. 1. S-N curves for AA7075/T6, AA6061/T6 and 2024/T3 Al alloys
Fig.1 shows the S-N data for 6061/T6, 7075/T6 and 2024/T3 aluminum alloys over a wide range viz. between
104-109 cycles. The experimental results show that fatigue fracture does occur beyond 107 cycles. The fatigue
strength of AA7075 is seen to be higher than that of AA6061 and AA2024, even in the super long life region. At 107
cycles, the fatigue strength of AA7075 is approximate to 210 MPa, which is much higher than the values of 140
MPa and 160Mpa for 6061 and 2024 aluminum alloys, respectively. The consistently superior fatigue properties of
AA7075 and AA2024 vis-à-vis 6061 could be attributed to their higher tensile strength.
3.2. Near-threshold Fatigue Crack Growth Behavior
Usually, the threshold stress intensity factor K' th, is defined as the stress intensity at which the crack growth
rate is less than 10-10 m/cycle, or when the crack grows 1 mm in 107 cycles. In cases where the fatigue crack
propagation life depends primarily on the early stages of crack growth, it is important to understand the near-
threshold fatigue crack growth behavior. The crack growth behavior of small and large cracks in 6061 and 7075 Al-
alloys is shown in Fig. 2.
It is noticed that the crack growth rates of small cracks (0.1–1 mm in length) could be greater than those of large 
cracks (> 1 mm) for the same stress intensity factor range K' , and that some small cracks may grow at K' values
below the large crack threshold in the near threshold fatigue crack growth regime. For both alloys, large cracks
exhibit a threshold at K' < 5 mMPa , and small cracks show accelerated crack growth rates.
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Fig.2. Fatigue crack growth behavior of small and large cracks in (a) AA6061-T6 and (b) AA7075-T6.
3.3. Fractographic Features
Fractographic examination of the specimens was conducted using scanning electron microscopy (SEM). The
crack initiation sites were found mostly on the surface. Fig. 3a shows an overall view of a typical high cycle fatigue
fracture surface of AA6061 specimen fatigued at 150 MPa to 1.8 x 106 cycles. A Tran lamellar cleavage fracture 
mode was observed. The fracture surface also contained features of localized inhomogeneous planar slip
deformation. The fracture was seen to initiate from micro-voids at the subsurface leading to the formation of large
micro-cleavage facets, comprising of a population of micro-voids of a range of sizes, during crack initiation and 
early growth (Figs. 3b and 3c).
(b) (d)(c)(a)
Fig.3. SEM micrographs showing (a) the overall view of the fatigue fracture surface of AA6061-T6, (b) a drawing line distribution of fatigue
voids at low magnification and (c) high magnification, corresponding to the crack initiation region in (a), and (d) a high magnification picture of 
the fatigue striations corresponding to the crack propagation region in (a). The alloy was subject to failure at 150 MPa, 1.8 x 106 cycles.
Coalescence of these expanding voids to form drawing lines in the cleavage facets, and eventually into macro-
cracks was also noticed. Fatigue failure thus seems to start with the formation, growth, and coalescence of interfacial
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voids ending with the propagation of macro-cracks initiated at the base of the voids. Well defined striations are 
noticed during the later stages of crack propagation involving high growth rates (Fig. 3d).
Again, the fracture surfaces of 7075 Al-alloy fatigued at 225 MPa to 7.6 x 106 cycles, have a facetted appearance,
although the facets are smaller than those in AA6061 (Fig. 7). A significant interfacial void is also observed in the
fatigue crack growth process (Figs. 4b and 4c). Fatigue crack growth was initially transgranular, followed by a 
mixed transgranular-intergranular fracture. The fracture surface exhibits flat cleaved areas containing numerous
micro-voids. The voids were seen to coalesce to form void lines that are randomly distributed, leading to the
development of macroscopic cracks. However, in the region of crack propagation, striations were noticed (Fig. 4d).
(a) (b) (d)(c)
Fig.4. SEM micrographs showing (a) overall view of the fatigue fracture surface of AA7075-T6, (b, c) fatigue voids in typical areas
corresponding respectively, to the early and later stages of crack initiation and (d) a high magnification picture of the surface corresponding to the 
region in (a). The alloy was subject to failure at 225 MPa, 7.6 x 106 cycles.
The gigacycle fatigue fracture surface of AA2024 is shown in Fig. 5. The alloy was subject to failure at 2.4 x 109
cycles, at a stress of 160 MPa. Although extensive faceting and presence of numerous voids is seen here too, the
fracture exhibits mixed mode characteristics. Ductile tearing seems to be predominant during the crack initiation and
propagation stages (Figs. 5b and 5c). Further, and unlike the earlier cases, striations are not particularly well 
observed. The final rupture is also ductile, comprising of numerous dimples.
(a) (b) (d)(c)
Fig.5. SEM micrographs showing (a) overall view of the fatigue fracture surface of AA2024-T3 and  (b, c) extensive faceting and fatigue voids in 
typical areas corresponding respectively, to the early and later stages of crack initiation, and (d) final ductile rupture. The alloy was subject to
failure at 160 MPa, 2.4 x 109 cycles. 
4. Conclusions
The S-N characteristics of AA6061/T6, AA7075/T6 and 2024/T3 up to the ultra high cycle regime, and the near
threshold fatigue crack growth behaviour of AA7075 and AA6061 in T6 condition were investigated using
accelerated ultrasonic fatigue testing at 20 kHz. The experimental results prove that fatigue failure in Al-alloys can
very well occur up to 109 cycles. The studies also show that fatigue crack growth rates of small cracks are greater
than those of large cracks for almost the same stress intensity factor range K' , and that some small cracks may grow 
at K' values below the large crack threshold in the near-threshold crack growth regime. Fractographic features
reveal significant formation of interfacial voids in the alloys during the early stages of fatigue crack initiation and
growth. While well-defined fatigue striations are seen in the later stages of crack propagation in the megacycle
regime, they are not particularly noticed in gigacycle fatigue fracture. The fatigue failure in Al-alloys could thus be
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ascribed to: the formation of a number of fatigue voids, their growth and coalescence, and the eventual formation 
and propagation of macroscopic cracks. 
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